INTRODUCTION
============

Cells recognize intruding microorganisms with the help of specific membrane-bound or intracellular receptors and respond with the synthesis of proinflammatory mediators such as tumor necrosis factor (TNF) and interleukin 1 (IL-1). Once secreted, these cytokines in turn trigger their cognate receptors and thus help to rapidly amplify the inflammatory response ([@B1]). The NF-κB transcription factor is a key component for the production of many cytokines and also acts as a central mediator of cytokine-triggered effects ([@B2]). The five members of the NF-κB family of transcription factors can form different dimer combinations, but a heterodimer between p50 and the strongly transactivating p65 subunit is the most frequently detected form ([@B3]). All inducers of the canonical NF-κB activation pathway lead to the proteasomal elimination of inhibitory IκB proteins and thus release the DNA-binding subunits ([@B4]). IκB degradation depends on its prior phosphorylation by the IκB kinase complex that consists of the IκB kinases (IKK) IKKα, IKKβ and the regulatory subunit IKKγ/NEMO ([@B5]).

After release from IκB and nuclear translocation, the dimeric DNA-binding subunits can bind to their cognate DNA sequences and trigger expression of hundreds of target genes ([@B6]). Some NF-κB-dependent genes are important for the immune response, while others regulate cell survival and proliferation.

It is currently unclear how the free NF-κB dimers control key parameters of the target gene-specific response. Each individual NF-κB activating stimulus leads to the induction of a specific overlapping and distinct subset of genes ([@B7]). All parameters (induction, kinetics, cofactor recruitment, amplitude and termination) are specifically tailored for each gene in order to suit the specific requirements of the inducing stimulus ([@B3]). The individual contribution of the respective NF-κB subunits to cytokine-induced gene expression patterns was revealed by gene array experiments ([@B8]). In addition, a systematic analysis of binding sites for the p65 subunit by chromatin immunoprecipitation (ChIP) assays revealed thousands of binding sites in the genome of monocytes ([@B9]). Although '-omics' approaches identified many genes containing NF-κB binding sites in their regulatory regions ([@B9],[@B10]), each inflammatory gene must be expressed and turned off with peculiar kinetics that fit to its specific function. The mechanisms that specify these transcriptional programs are still not well understood and include dimer exchange, differential chromatin organization and modification of the DNA-binding subunits by post-translational modifications ([@B7]).

These modifications occur for all NF-κB DNA-binding subunits, but are most extensively characterized for p65 which can be regulated by ubiquitination, nitrosylation, acetylation, prolyl isomerization, monomethylation and phosphorylation ([@B11; @B12; @B13; @B14; @B15; @B16]). The functional consequences of these modifications are quite distinct, as exemplified by regulatory acetylation. Acetylation of p65 at lysines 122 and 123 impairs p65 transactivation, while acetylation at lysines 218 and 221 inhibits IκBα binding and increases p65-dependent transcription ([@B17],[@B18]). Phosphorylation of p65 is found at many sites, but the most extensively studied are serine 276 ([@B19]) as well as serine 468 and 536 which are both contained in the C-terminal transactivation domain ([@B20],[@B21]). The physiological relevance of p65 phosphorylation was revealed in a knock-in mouse model expressing a p65 protein with a serine 276 to alanine mutation. These animals showed aberrant gene expression which caused embryonic lethality at different time points ([@B22]). Mechanistic work has shown that phosphorylation can control several parameters such as protein/protein interactions and p65 ubiquitination. Phosphorylation at serine 276 results in conformational changes that allow binding of CREB-binding protein (CBP)/p300 ([@B19]), while phosphorylation of serine 536 favors binding of TATA-binding protein-associated factor II31, a component of TFIID ([@B23]). TNF-induced p65 ser 468 phosphorylation is a prerequisite for its association with a protein complex consisting of the acetyltransferase GCN5 and the ubiquitin E3 ligase components COMMD1 and Cullin-2, which lead to target gene specific p65 ubiquitination and degradation ([@B24],[@B25]). Another ubiquitin E3 ligase regulating p65 stability is PDLIM2, which mediates LPS-induced p65 polyubiquitination and sequesters the transcription factor in promyelocytic leukemia nuclear bodies (PML-NBs) ([@B26]). PML-NBs are subnuclear domains which critically depend on the presence of the PML tumor suppressor protein and exert a variety of biological functions ranging from control of apoptosis to hematopoietic differentiation and gene transcription ([@B27]).

Among the kinases that phosphorylate serine 468 and 536 is IKKε (also called IKKi), a non-canonical IKK ([@B28],[@B29]). IKKε is also an important mediator of the interferon response, as it phosphorylates the transcription factors IRF3 and IRF7, which form a complex with NF-κB to establish a multi-protein enhanceosome mediating the production of type I interferons ([@B30]). Recent evidence showed several additional functions for IKKε. The kinase also participates in the clearance of the nuclear receptor corepressor (NCoR) from distinct promoters ([@B31]). Mouse models also revealed the importance of IKKε for low-grade chronic inflammation as it occurs in obesity ([@B32]). Integrative genomic approaches identified IKKε as a breast cancer oncogene amplified and overexpressed in \>30% of breast tumors and derived cell lines ([@B28],[@B33]). Overexpression of IKKε is sufficient to transform cells, whereas siRNA-mediated knockdown of the kinase decreases the survival of breast cancer cells ([@B33]).

Here we have investigated the physiological role of regulatory p65 phosphorylation by reconstitution experiments. The impact of p65 phosphorylation on gene expression was highly gene specific and accordingly p65 phosphorylation at serine 468 and 536 occurred at distinct intracellular locations. TNF stimulation resulted in the inducible association of IKKε to p65 and the p65-dependent transport of the kinase to the nucleus and PML-NBs. IKKε was required for the expression of specific genes and ChIP experiments revealed the recruitment of IKKε to the control regions of many inflammatory target genes, thus identifying a novel role for IKKε in the nucleus.

MATERIALS AND METHODS
=====================

Cells, reagents, plasmids and antibodies
----------------------------------------

Mouse embryonic fibroblasts (MEFs) deficient for p65 were a gift of Dr Hiroyasu Nakano (Tokyo, Japan) and IKKε^−/−^ MEFs were kindly provided by Dr Shizuo Akira (Osaka, Japan). MEFs that were stably reconstituted with p65 wild-type or point mutants were produced by infection with lentiviral vectors and subsequent selection. Primary lung macrophages were isolated from euthanized female and male C57/BL6 mice. The trachea was exposed and macrophages were isolated essentially as described ([@B34]). Cells were seeded in 24-well plates (300 000 cells/well) and further analyzed for gene expression. TNF was purchased from ImmunoTools and always used in a standard concentration of 20 ng/ml. Protein A/G sepharose was from Santa Cruz Biotechnology, Dynabeads® protein G was from Invitrogen and the IKKε inhibitor BX795 was purchased from Axon Medchem. Antibodies recognizing IKKε (H-116), p65 (C-20), p65 (A), PML (H-238) and (PG-M3) were purchased from Santa Cruz Biotechnology. The antibodies recognizing Flag (M2), tubulin (tub 2.1) (Sigma), IKKε (12142), β-actin (8227) (Abcam) and HA (3F10) (Roche) were from the indicated suppliers. The anti-IgG and the two phospho-specific antibodies recognizing p65 phosphorylated at serine 468 (3039S) or serine 536 (3031S) were from Cell Signaling Technology. Secondary horseradish peroxidase coupled anti-rabbit or anti-mouse antibodies were purchased from Dianova. Secondary Cy3-coupled anti-rabbit and anti-mouse antibodies were purchased from Jackson ImmunoResearch Laboratories, the Alexa Fluor^®^488-conjugated anti-rabbit antibody was from Invitrogen. Plasmids encoding HA-p65, HA-p65 S468A, HA-p65 S536A, HA-p65 S536A/S468A, GFP-p65 ([@B25]), Flag-IKKε, Flag-IKKε-K38A ([@B35]), PML-IV, PML-III, PML-RARα ([@B36]) and shPML ([@B37]) were described as published.

RNA extraction and real-time PCR
--------------------------------

Cells were lysed and total RNA was extracted using the RNeasy kit (Qiagen). The quality of RNA was controlled by agarose gel electrophoresis and ethidium bromide staining. Synthesis of cDNA was done with 1 μg of RNA from oligo (dT)-20 primers using the Superscript II first strand synthesis system (Invitrogen). Real-time PCR was performed using specific primers and the SYBR Green ROX Mix (Thermo Scientific). The sequence of the primers is given in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq439/DC1). The PCR reactions were analyzed using an Applied Biosystems 7300 real-time PCR system. All experiments were performed in triplicate, data were normalized to the housekeeping gene β-actin and the relative abundance of transcripts was calculated by the comparative ΔΔCT method.

ChIP and re-ChIP assays
-----------------------

Cells were cross-linked with 1% (v/v) formaldehyde, collected and then lysed in RIPA buffer \[10 mM Tris pH 7.5, 150 mM NaCl, 1% (v/v) NP-40, 1% (w/v) Na-Desoxycholat, 0.1% (w/v) SDS, 1 mM EDTA and 10 µg/ml aprotinin\]. DNA was sheared by sonification using a Branson sonifier 250. After removal of cellular debris by centrifugation, equal amounts of DNA were incubated with 2 μg of anti-p65, anti-IKKε or control IgG antibodies previously bound to protein G-coupled Dynabeads^®^. After rotating for 2 h at 4°C on a spinning wheel, the magnetic beads were washed five times using the following buffers: RIPA buffer (twice), RIPA high-salt buffer \[2 M NaCl, 10 mM Tris pH 7.5, 1% (v/v) NP-40, 0.5% (v/v) Na-Desoxycholate and 1 mM EDTA\], RIPA and TE buffer (10 mM Tris pH 7.5 and 1 mM EDTA). The precipitated fragments were eluted with TE buffer containing 1% SDS. For re-ChIP assays, the eluted material was diluted 1:10 with RIPA buffer lacking SDS and precipitated again with the monoclonal anti-IKKε antibody. The eluted DNA was quantified by real-time PCR using specific primer sets flanking the expected p65 binding site. The specificity of the IKKε antibodies was further ensured by controls that revealed inducible IKKε binding to the *Icam1* promoter only in IKKε containing cells, but not in *Ikbke*-deficient MEFs ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq439/DC1)). Sequences of the primers used for ChIP experiments is given in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq439/DC1).

Immunofluorescence and three-dimensional surface rendering
----------------------------------------------------------

Cells were grown on cover slips in 12-well dishes. Stimulation was performed with 20 ng/ml TNF for the indicated periods. Cells were fixed in a cold 1:1 solution methanol:acetone for 1 min, rehydrated in phosphate-buffered saline (PBS) and subsequently blocked with 10% goat serum in PBS for 1 h. The cells were incubated with primary antibodies (diluted in PBS containing 1% goat serum) at 4°C overnight. The next day, cells were washed three times in PBS during 10 min, then incubated with the Cy3-coupled anti-rabbit or with the Cy3-coupled anti-mouse alone or combined with Alexa Fluor^®^488 anti-rabbit for the colocalization experiments (all diluted in PBS containing 1% goat serum). Nuclear DNA was stained with Hoechst 33324. The cover slips were mounted on microscope slides with Kaiser's glycerol gelatine and further analyzed using an inverted Nikon Eclipse 2000E microscope. Three-dimensional confocal analysis was done by analysis of fixed cells using a laser scanning microscope (Leica TCS SP2 AOBS) equipped with differential interference contrast optics. Confocal pictures were obtained using a 40× Leica oil immersion objective (HCX PL APO CS, numerical aperture: 1.25). The detector gain and amplifier offset was set to obtain pixel intensities within the linear range. Optical reconstruction of confocal *Z*-stacks (step size: 0.15 µm), three-dimensional volume renderings and animated videos were generated using the Imaris software package (Bitplane AG). The Photoshop CS4 (Adobe Systems) program was used to optimize contrast and brightness. All immunofluorescence data are representative for \>80% of interphase cells. Dying or mitotic cells and also cells expressing aberrantly high levels of the proteins were not analyzed.

Immunoprecipitation and Western blotting
----------------------------------------

Cells were washed in PBS and collected by centrifugation. The cell pellet was resuspended in NP-40 lysis buffer \[20 mM Tris--HCl pH 7.5, 150 mM NaCl, 1 mM phenylmethylsulfonylfluoride, 10 mM NaF, 0.5 mM sodium vanadate, leupeptine (10 µg/ml), aprotinin (10 µg/ml) and 1% (v/v) NP-40\] and incubated on ice for 20 min. After removal of cellular debris by centrifugation for 10 min, equal amounts of proteins contained in the supernatant were further analyzed. Immunoprecipitations were performed upon addition of 2 μg of the indicated antibodies together with 25 µl of protein A/G sepharose. After rotating for 4 h at 4°C, the supernatant was collected and the beads were washed for five times in lysis buffer. The precipitated proteins were eluted by boiling in 1.5× SDS sample buffer for 5 min. Western blotting was done by SDS--PAGE and semi-dry transfer to polyvinylidene difluoride membranes. After incubation with primary and secondary peroxidase-coupled antibodies, protein were detected using the enhanced chemoluminiscence system (GE Healthcare) according to the instructions given by the manufacturer.

RESULTS
=======

NF-κB p65 phosphorylation regulates gene expression in a target gene specific manner
------------------------------------------------------------------------------------

The functional relevance of p65 phosphorylation for its ability to trigger gene expression has been widely investigated by reporter gene assays. To analyze the role of p65 phosphorylation in a more physiological setting, p65-deficient MEFs were retransfected to stably express physiological levels of p65 wild-type or point mutants where serine 468 or 536 were changed individually or together to alanine ([Figure 1](#F1){ref-type="fig"}A). Cells were left untreated or stimulated with TNF for different periods and gene expression of several known p65 target genes identified in a previous study ([@B38]) was quantified by real-time PCR ([Figure 1](#F1){ref-type="fig"}B). TNF-induced expression of one gene group is down-regulated by p65 phosphorylation, as judged by the higher transcriptional activity of the non-phosphorylatable mutants. This group comprises the *Icam1*, *Vcam1* and *Csf2* genes. In contrast, expression of the *Saa3*, *Mmp3* and *Mmp13* genes requires intact p65 phosphorylation for full gene activation. Effects of p65 phosphorylation were not detected for the *Cxcl2* gene, showing that the regulatory function of these phosphorylations is strictly dependent on individual regulated gene. Figure 1.Analysis of phosphorylation-dependent NF-κB p65 activity. (**A**) p65-deficient MEFs were stably reconstituted to express physiological levels of HA-p65 and its point mutated versions that were changed in serine 468 (p65 S468A), serine 536 (p65 S536A) or both sites (p65 SS/AA). One fraction of the cells was lysed and equal amounts of protein were tested by immunoblotting (IB) for comparable expression of p65. (**B**) The indicated cells were treated with TNF for 1, 5 or 8 h. The expression of selected NF-κB target genes by real-time PCR. In order to facilitate comparison, maximal gene activation was arbitrarily set as 100%. Experiments were performed in triplicates, error bars display standard deviations.

Is the differential transcriptional activity of the mutants attributable to differences in p65 promoter occupancy? To address this question, ChIP assays were performed with MEFs stably expressing p65 wild-type or the point mutated p65 proteins. Cells were left untreated or stimulated for various periods with TNF, followed by ChIP experiments using p65 specific antibodies. Quantification of genomic fragments encompassing NF-κB binding sites controlling the various NF-κB target genes allowed to detect inducible p65 binding to all regions with the exception of the *Mmp3* gene for which no functional binding site was found. For the group of genes that are negatively regulated by p65 phosphorylation, ChIP experiments showed an increased and prolonged occurrence of the serine 468 mutant at the NF-κB binding sites ([Supplementary Figure S2A](http://nar.oxfordjournals.org/cgi/content/full/gkq439/DC1)). This finding is fully compatible with the recently reported relevance of serine 468 phosphorylation for promoter-specific proteasomal elimination of p65 ([@B24],[@B25]). On the other hand, the recruitment of the p65 serine 536 alanine mutant was comparable to that of the wild-type protein at the NF-κB sites contained in the *Vcam1* and *Csf2* promoters, suggesting that its increased transcriptional activity must rely on promoter occupancy-independent mechanisms. The partial correlation between transcriptional activity and promoter recruitment was also seen for the group genes that depend on p65 phosphorylation ([Supplementary Figure S2B](http://nar.oxfordjournals.org/cgi/content/full/gkq439/DC1)), while p65 recruitment to the *Cxcl2* control region was not regulated by phosphorylation ([Supplementary Figure S2C](http://nar.oxfordjournals.org/cgi/content/full/gkq439/DC1)).

Distinct intracellular distribution of NF-κB p65 phosphorylations
-----------------------------------------------------------------

To reveal the intracellular localization of the phosphorylated p65 proteins, immunofluorescence studies with phospho-specific antibodies were performed. Analysis of TNF-induced cells showed the accumulation of serine 468 phosphorylated endogenous p65 mainly in nuclear microspeckles ([Figure 2](#F2){ref-type="fig"}A). In contrast, the majority of serine 536 phosphorylated p65 was cytosolic and accumulated around the nucleus. To investigate the intracellular distribution of phosphorylated p65 in more detail, confocal image stacks were processed to reveal their three-dimensional distribution pattern. Both phosphorylated p65 forms showed a prominent organization into microspeckles of heterogeneous sizes ([Figure 2](#F2){ref-type="fig"}B), animated versions of these structures are displayed in the [Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq439/DC1). TNF stimulation of cells leads to the nuclear translocation of the vast majority of p65 to the nucleus, while serine 536 phosphorylated p65 is mainly found in the cytosol ([Figure 2](#F2){ref-type="fig"}A). This differential distribution is only explainable by a non-quantitative phosphorylation of p65, a possibility that was tested experimentally. Cells were stimulated with TNF and cell extracts were used for immunoprecipitation with an antibody recognizing serine 536 phosphorylated p65. Subsequent western blotting using the supernatant allowed to detect trace amounts of p65 phosphorylated at serine 536 or 468, but a large fraction of unmodified p65 ([Figure 2](#F2){ref-type="fig"}C). These data show that (I) only a fraction of p65 is phosphorylated and (II) phosphorylation can occur at serine 536 and 468 simultaneously. Figure 2.Intracellular distribution of p65 phosphorylation. (**A**) HeLa cells were left untreated or stimulated with TNF for 30 min. The subcellular localization of endogenous p65 or its phosphorylated forms was visualized by indirect immunofluorescence using anti-phospho-S468, anti-phospho-S536 or anti-p65 antibodies (red). Nuclear DNA was revealed by Hoechst staining. (**B**) HeLa cells were stimulated for 30 min with TNF and further analyzed by confocal microscopy. A bright field picture, two magnifications of immunofluorescence pictures and a three-dimensional reconstruction of the same cell are displayed. The *Z*-stack pictures were processed using the Imaris software package for surface rendering. To facilitate the orientation, white arrow heads point to speckles that are displayed by immunofluorescence and also by 3D reconstruction. (**C)** HeLa cells were stimulated with TNF for 30 min as shown. Lysates were subjected to immunoprecipitation (IP) with anti-IgG control or anti-phospho-p65-S536 antibodies. The input, supernatant (sn) and the immunoprecipitated proteins were further analyzed by western blotting using anti-p65 or phospho-specific antibodies recognizing serine 468 or 536.

IKKε is required only for a subset of NF-κB target genes
--------------------------------------------------------

Given the differential contributions of p65 phosphorylations at serines 468 and 536 for gene expression, it was then interesting to investigate the relevance of IKKε, as this kinase has the ability to phosphorylate p65 at these two sites ([Figure 3](#F3){ref-type="fig"}A). Loss-of-function experiments using shRNA-mediated IKKε knock-down showed that TNF-induced serine 536 phosphorylation was independent from IKKε, while serine 468 phosphorylation was largely impaired in the absence of this kinase (data not shown). MEFs lacking the *Ikbke* gene were reconstituted to express physiological levels of the kinase and then left untreated or stimulated with TNF. Real-time PCR experiments showed that from all the seven genes analyzed in [Figure 1](#F1){ref-type="fig"} only two (*Saa3* and *Vcam1*) were IKKε dependent ([Figure 3](#F3){ref-type="fig"}B). In both cases the expression of IKKε was sufficient to trigger transcription even in the absence of TNF stimulation. Also *Mmp3* and *Mmp13*, two genes which were not induced 1 h after TNF stimulation, remained unaffected by IKKε even after prolonged TNF stimulation (data not shown). Consistent with [Figure 1](#F1){ref-type="fig"}B, the expression of *Cxcl2, Csf2* and *Icam1* genes was triggered already 1 h after TNF stimulation, but this induction was IKKε independent. A similar experimental approach was taken in order to investigate the role of the IKKε kinase function for its ability to trigger gene expression. Cells were reconstituted to express the wild-type kinase or a kinase inactive IKKε lysine 38 to alanine mutant, followed by TNF stimulation and real-time PCR analysis of the two IKKε-regulated genes and two adequate controls. These experiments revealed induced *Saa3* and *Vcam1* expression only in the presence of the wild-type kinase ([Figure 3](#F3){ref-type="fig"}C). To investigate the contribution of the kinase function by an independent setting, TNF-induced gene expression was determined in the presence of the specific small molecule IKKε inhibitor BX795 ([@B39]). These experiments revealed the selective inhibition of TNF-triggered *Saa3* and *Vcam1* expression ([Figure 3](#F3){ref-type="fig"}D), supporting the relevance of the IKKε kinase function for the expression of a specific subset of genes. The role of IKKε for target gene specific gene expression was also seen in primary alveolar macrophages stimulated with LPS ([Figure 3](#F3){ref-type="fig"}E). In this setting, several genes including *Saa3*, *Vcam1*, *IP10*, *IL6* and *Cox2* were largely dependent on IKKε kinase activity. Figure 3.IKKε-dependent expression of NF-κB target genes. (**A**) p65-deficient MEFs were transfected with the various expression vectors as shown. Thirty-six hours later they were analyzed by western blotting for expression and phosphorylation of p65 as shown. (**B**) *Ikbke*-deficient MEFs were reconstituted to express physiological levels of Flag-IKKε. After 24 h, the cells were treated with TNF for 1 h or left untreated. Gene expression was determined by real-time PCR and normalized to the level of β-actin. Adequate IKKε expression was determined by western blotting using an anti-IKKε antibody. (**C**) *Ikbke*^−/−^ MEFs were reconstituted to express Flag-IKKε or the point mutated kinase-inactive version Flag-IKKε-K38A. Cells were further analyzed as in (B). (**D**) MEFs were treated for 1 h with BX795 (1 μM) or left untreated prior to stimulation with TNF as shown. Gene expression was further quantified by real-time PCR. (**E**) Primary mouse lung macrophages were preincubated for 1 h with 1 μM BX795 or left untreated prior to stimulation for 4 h with LPS. Gene expression was determined by real-time PCR and normalized to the level of β-actin. All real-time experiments were performed in triplicates, error bars display standard deviations. Maximal gene activation was arbitrarily set as 100%.

TNF-triggered nuclear translocation and chromatin association of IKKε depends on p65
------------------------------------------------------------------------------------

The recent years have mounted evidence that some mainly cytosolic components of the NF-κB signaling cascade such as IKKα or GSK3β can also be found at specific NF-κB target genes where they participate in the control of gene expression ([@B40],[@B41]). Given the functional relevance of IKKε for the expression of individual genes, it was then interesting to investigate the potential association of IKKε to chromatin areas containing NF-κB binding sites. ChIP assays with untreated controls or TNF-stimulated cells revealed TNF-inducible recruitment of endogenous IKKε to genome fragments encompassing the NF-κB sites of a surprisingly high number of p65 target genes ([Figure 4](#F4){ref-type="fig"}A). All promoters showed TNF-inducible IKKε recruitment or some basal binding of IKKε even in the unstimulated state, as seen for the NF-κB binding sites contained in the *Saa3* and *Vcam1* promoters. These experiments suggest that IKKε recruitment is not only seen for genes that actually depend on IKKε (such as *Saa3* and *Vcam1*), but also for genes that do not rely on its activity. This finding is compatible with recent results describing a more general role of IKKε for gene expression upon its contribution to the clearance of the corepressor NCoR from selected promoters ([@B31]). To investigate the potential role of the IKKε substrate protein p65 for the chromatin recruitment of the kinase, further ChIP experiments were performed. TNF-inducible chromatin association of IKKε was determined in MEFs that were either p65-deficient or reconstituted to express the p65 protein. ChIP experiments revealed the absolute necessity of the p65 protein for IKKε promoter recruitment ([Figure 4](#F4){ref-type="fig"}B). These data raise the possibility that IKKε is recruited to its target promoters upon interaction with p65, a scenario that was tested by sequential ChIP experiments. TNF-stimulated cells or adequate controls were used to immunoprecipitate chromatin with anti-p65 antibodies, followed by a second round of immunoprecipitation (re-ChIP) with anti-IKKε antibodies. These experiments showed p65-associated IKKε at the genomic fragments containing NF-κB sites controlling the *Saa3* and *Vcam1* promoters ([Figure 4](#F4){ref-type="fig"}C). Remarkably, the expression of these two genes fully depends on IKKε. In contrast, Re-ChIP experiments failed to detect p65-associated IKKε at the other promoters, suggesting that chromatin association of IKKε can also employ further mechanisms. Figure 4.TNF-induced and NF-κB p65-dependent chromatin recruitment of IKKε. (**A**) MEFs were stimulated with TNF as shown, followed by ChIP analysis using the indicated specific and anti-IgG control antibodies. IKKε association with different promoter regions was detected by real-time PCR using specific primers. The amounts of p65-associated DNA are presented as the percentage recovered out of the total input DNA (percent input). Experiments were performed in triplicates, error bars display standard deviations. (**B**) p65-deficient MEFs were transfected with a vector encoding p65 or an adequate control. After 24 h, the cells were stimulated with TNF as shown and ChIP assays for IKKε were performed as in (A). The lower part shows a control western blot ensuring adequate p65 expression. (**C**) MEFs were stimulated with TNF as shown and used for the ChIP procedure using anti-p65 antibodies or controls, followed by elution and re-ChIP using anti-IKKε antibodies. Experiments were performed in triplicates, error bars display standard deviations.

The TNF-induced recruitment of IKKε to selected promoters raises the question whether TNF also affects the intracellular localization of the kinase. Cells were stimulated for various periods with TNF and the localization of endogenous IKKε was analyzed by immunofluorescence. In unstimulated cells most of the kinase was found in the cytosol and a residual fraction in nuclear bodies. Already 15 min after stimulation of the TNF receptor, a substantial fraction of IKKε was found in the nucleus. Relocalization of the kinase to the cytosol started around 1 h after stimulation and was complete two hr after addition of TNF ([Figure 5](#F5){ref-type="fig"}A). The kinetic behavior of IKKε nuclear import and export mirrored that of p65, which showed an oscillatory behavior with most p65 in the nucleus 30--60 min after TNF treatment, followed by nuclear export and a cytosolic localization of p65 at later time points. The similar kinetics of IKKε and p65 for nuclear import and the requirement of p65 for chromatin association of IKKε raise the question whether IKKε depends on p65 for its nuclear translocation. To address this issue, TNF-triggered nuclear import of IKKε was compared between wild-type MEFs and p65^−/−^ MEFs. These experiments showed no nuclear translocation of IKKε in the absence of p65, while only p65^−/−^ cells reconstituted to express p65 showed TNF-triggered IKKε accumulation in the nucleus ([Figure 5](#F5){ref-type="fig"}B). Figure 5.TNF-induced and NF-κB p65-dependent nuclear translocation of IKKε. (**A**) HeLa cells were stimulated with TNF for the indicated periods. The intracellular localization of endogenous IKKε and p65 proteins was analyzed by indirect immunofluorescence using anti-p65 and anti-IKKε antibodies (red). Nuclear DNA was revealed by Hoechst staining. (**B**) Wild-type MEFs and p65-deficient MEFs transfected with empty vector or a plasmid encoding GFP-p65 were stimulated for 30 min with TNF as shown. The subcellular localization of GFP-p65 (green) and of endogenous IKKε (red) was analyzed by indirect immunofluorescence.

NF-κB p65 phosphorylation is required for TNF-inducible association with IKKε
-----------------------------------------------------------------------------

The necessity of p65 for nuclear import of IKKε raises the question on a possible contribution of p65 phosphorylation for this process. To address this question, MEFs expressing wild-type p65 or non-phosphorylatable mutants were analyzed for TNF-triggered nuclear import of IKKε ([Figure 6](#F6){ref-type="fig"}A). These studies revealed an impaired nuclear translocation of IKKε in the presence of p65 S468A, thus revealing a contribution of p65 phosphorylation for nuclear import. The recently reported inducible association of IKKε and p65 in LPS stimulated cells ([@B31]) prompted us to investigate the occurrence of TNF-triggered complex formation between the kinase and its substrate by coimmunoprecipitation experiments. Cells were transfected to express IKKε, p65 or a non-phosphorylatable double point mutant thereof. Control cells or TNF-treated cells were lysed, followed by immunoprecipitation of IKKε. Western blotting allowed to detect TNF-inducible binding between IKKε and p65 wild-type but not p65 SS/AA ([Figure 6](#F6){ref-type="fig"}B), indicating that the inducible association depends on p65 phosphorylation. To test the role of p65 phosphorylation for the recruitment of IKKε to target gene promoters, ChIP experiments were performed with cells stably expressing wild-type p65 or versions mutated at serines 468 or 536. TNF-triggered association of IKKε to the *Icam1* promoter was not affected by p65 phosphorylation, while recruitment to the *Saa3* promoter was largely dependent on serine 536 phosphorylation ([Figure 6](#F6){ref-type="fig"}C). Figure 6.Phosphorylation-dependent association of IKKε and p65. (**A**) MEFs stably reconstituted with p65 wild-type or the point mutated versions p65 S468A and p65 S536A were stimulated with TNF and the subcellular localization of IKKε (red) and p65 (green) was visualized by indirect immunofluorescence. (**B**) HEK293 cells transfected to express Flag-IKKε together with HA-p65 or its point mutated version HA-p65 SS/AA were stimulated with TNF, lysed and cell extracts subjected to immunoprecipitation as shown. The input material and the immunoprecipitated proteins were further analyzed by western blotting using anti-HA and anti-Flag antibodies. (**C**) MEFs stably reconstituted with p65 wild-type or the point mutated versions p65 S468A and p65 S536A were stimulated with TNF for 1 h, followed by ChIP analysis using the indicated specific and anti-IgG control antibodies. IKKε association with the indicated promoter regions was detected by real-time PCR using specific primers, error bars show standard deviations from three experiments.

TNF-triggered nuclear translocation and chromatin association of IKKε depend on its kinase function
---------------------------------------------------------------------------------------------------

IKKε-mediated gene induction depends on its kinase activity, which may be explained by the necessity to phosphorylate nuclear substrates or alternatively by a kinase-dependent nuclear import of IKKε. To distinguish between these possibilities, *Ikbke*^−/−^ cells were transfected to express the wild-type or kinase inactive IKKε. After stimulation with TNF, immunofluorescence studies showed a faithful recapitulation of TNF-triggered nuclear import of the wild-type kinase, while IKKε K38A was found exclusively in the cytosol ([Figure 7](#F7){ref-type="fig"}A). In addition, these experiments showed completely absent IKKε localization to nuclear speckles in unstimulated cells, a finding that we consistently observed for a small fraction of the kinase. To reveal the importance of the kinase function for nuclear translocation by an independent experimental approach, TNF-triggered nuclear import of endogenous IKKε was studied in the presence of the IKKε inhibitor BX795. Inhibition of IKKε kinase function strongly interfered with TNF-triggered translocation of IKKε to subnuclear speckles ([Figure 7](#F7){ref-type="fig"}B). Similarly, ChIP experiments showed that BX795 efficiently blocked TNF-inducible recruitment of IKKε to its cognate promoters ([Figure 7](#F7){ref-type="fig"}C). Collectively, these results reveal the importance of the IKKε kinase function for TNF-induced nuclear import and all downstream events. Some proteins such as NF-κB p65 show a constant shuttling between cytosol and nucleus ([@B42]), while others depend on a distinct inducing signal to allow nuclear translocation ([@B43]). To investigate the relevance of these two possibilities for nuclear entry of IKKε, cells were treated with different combinations of TNF and leptomycin B, an inhibitor of nuclear export. Immunofluorescence analysis showed no effect of leptomycin B on the intracellular localization of IKKε ([Supplementary Figure S3A](http://nar.oxfordjournals.org/cgi/content/full/gkq439/DC1)), but confirmed the reported nuclear accumulation of p65 ([Supplementary Figure S3B](http://nar.oxfordjournals.org/cgi/content/full/gkq439/DC1)) even in the absence of TNF stimulation ([@B42]). In contrast, nuclear export of IKKε occurring after prolonged treatment with TNF was prevented by leptomycin B (data not shown), suggesting that nuclear translocation of IKKε depends on an active TNF-triggered import rather than a constant shuttling of the kinase between the nucleus and the cytosol. Figure 7.Nuclear import and chromatin association of IKKε depends on its kinase activity. (**A**) *Ikbke*-deficient MEFs were reconstituted to express Flag-IKKε or Flag-IKKε-K38A. Thirty-six hours after transfection, cells were left untreated or stimulated with TNF for 30 min. The subcellular localization of IKKε was visualized by indirect immunofluorescence using an anti-Flag antibody (red). (**B**) MEFs were incubated for 1 h with BX795 (1 μM) as shown and then further treated for 30 min with TNF. Subcellular localization of endogenous IKKε was visualized by indirect immunofluorescence using an anti-IKKε antibody. (**C**) MEFs were preincubated for 1 h with 1 μM BX795 or left untreated prior to stimulation for 1 h with TNF. ChIP assays for IKKε were performed using specific anti-IKKε and anti-IgG control antibodies and the precipitated DNA was quantified by real-time PCR using specific primers. Experiments were performed in triplicates, error bars display standard deviations.

IKKε can be recruited to PML-NBs
--------------------------------

TNF stimulation of cells results in the accumulation of IKKε in the nucleoplasm, but also in distinct speckled structures. What type of nuclear speckles is containing the IKKε protein? As components of PML-NBs are known to regulate the transcription of some NF-κB target genes ([@B44]), we tested the possible localization of IKKε to these subnuclear structures. Expression of the PML splice variant PML-IV allowed full recruitment of IKKε to PML-NBs even in the absence of TNF stimulation. In contrast, the splice variant PML-III (which lacks exon 8) did not lead to the retention of IKKε to nuclear speckles, but still allowed TNF-induced nuclear entry of the kinase ([Figure 8](#F8){ref-type="fig"}A). Fusion of the human *Pml* gene to the retinoic acid receptor α (*Rarα*) gene by the t ([@B15],[@B17]) chromosomal translocation generates a dominant negative PML-RARα fusion protein which is causative for acute promyelocytic leukemia ([@B45]). Expression of PML-RARα largely prevented TNF-triggered recruitment of IKKε to PML-NBs ([Figure 8](#F8){ref-type="fig"}A). Conversely, shRNA-mediated down-modulation of PML precluded TNF-induced recruitment of IKKε to PML-NBs ([Figure 8](#F8){ref-type="fig"}B), supporting the relevance of PML-NBs also in a loss-of-function approach. The overlapping localization of IKKε with PML-NBs was also seen at the level of the endogenous proteins. TNF stimulation allowed the nuclear import of IKKε and the partial colocalization of the kinase with PML-NBs ([Figure 8](#F8){ref-type="fig"}C). Knock-down of PML prevented the accumulation of IKKε in PML-NBs and also in the nucleoplasm, thus revealing the imporance of these subnuclear structures for the nuclear import of IKKε. Given the partial localization of IKKε to PML-NBs, it was then interesting to investigate whether also p65 serine 468 phosphorylation occurs in these subnuclear structures. Immunofluorescence studies showed only a minor colocalization between PML and serine 468 phosphorylated p65 ([Figure 8](#F8){ref-type="fig"}D). On the other hand, the downmodulation of PML by shRNA resulted in a changed intranuclear distribution of phosphorylated p65 which occurred throughout the nucleus in a microspeckled fashion ([Figure 8](#F8){ref-type="fig"}D), indicating the relevance of PML for the intranuclear distribution of serine 468 phosphorylated p65. Figure 8.TNF-induced recruitment of IKKε to PML-NBs. (**A**) HeLa cells were transfected to express the PML splicing forms PML-III, PML-IV or the PML-RARα fusion protein. Thirty-six hours after the transfection, cells were left untreated or stimulated with TNF for 30 min. The subcellular localization of PML and endogenous IKKε was visualized by indirect immunofluorescence using an anti-PML (red) and anti-IKKε antibody (green). (**B**) Upper: Hela cells transfected with a plasmid expressing a PML-specific shRNA were treated with TNF for 30 min as shown and analyzed for subcellular localization of endogenous IKKε using an anti-IKKε antibody. Lower: the efficient knock-down of PML was controlled by transfection of the vector directing the synthesis of the PML specific shRNA and detection of PML by immunofluorescence. The limited transfection efficiency allows to observe PML down-regulation only in transfected cells. (**C**) Cells were transfected with a vector for a PML specific shRNA or a control. After 36 h, cells were stimulated for 30 min with TNF as shown and the localization of the endogenous proteins was revealed by immunofluorescence. (**D**) Hela cells were treated as in (C) and analyzed for the occurrence and subcellular localization of endogenous PML and serine 468 phosphorylated p65 as shown. (**E**) Schematic model summarizing the mechanisms and functions of p65 phosphorylation and its phosphorylation by IKKε and other kinases.

DISCUSSION
==========

Spatial organization of p65 phosphorylation
-------------------------------------------

This study suggests that the functional relevance of a phosphorylation site is also influenced by its intracellular distribution. While the p65 protein is found in the entire nucleus except the nucleolus in TNF-stimulated cells, the phosphorylated p65 proteins accumulate in specific subcellular regions. Immunofluorescence experiments showed a strong enrichment of serine 536 phosphorylated p65 in the area surrounding the nucleus. This localization is compatible with published data suggesting a functional role of p65 serine 536 phosphorylation for controlling the kinetics of p65 nuclear import ([@B29]). In contrast, p65 serine 468 phosphorylation was predominantly nuclear and occurred in a speckled distribution which shows strong accumulation of serine 468 phosphorylated p65 in distinct nuclear regions. As several groups of NF-κB target genes are not randomly distributed in the genome and are enriched in distinct chromosomal clusters ([@B9],[@B10]), it will be relevant to investigate whether these genomic regions are selectively enriched with phosphorylated p65. Our data show that the effects of p65 phosphorylation depend on the individual target gene, an observation which is supported by the microscopical data which revealed focal points of p65 phosphorylation in the nucleus. The accumulation of phosphorylated p65 in distinct regions raises the question for the molecular mechanisms underlying this inhomogeneous distribution. Systematic approaches such as ChIP to CHIP experiments will help to address these important questions in the future.

The NF-κB barcode hypothesis
----------------------------

Within a given cell type, stimulation with distinct NF-κB activating agents stereotypically allows the generation of DNA-binding dimers, while target gene expression displays clear differences in respect to the regulated genes ([@B4]). In addition, co-regulated genes often show stimulus-specific dynamic parameters of the transcriptional response ([@B3],[@B41]). Our data support the idea that these key parameters are controlled by mechanisms that include post-translational modification of the DNA-binding subunits. This study shows that the impact of each individual phosphorylation site is highly gene specific and that reporter gene assays are therefore not adequate to investigate the functional consequences of NF-κB modifications. Our findings are in line with studies that extensively investigated the functional consequences of p65 serine 276 phosphorylation on gene expression ([@B22],[@B46; @B47; @B48]). The functional outcome for target gene transcription is strictly dependent on the individual phosphorylation site. For example, mutation of serine 276 impairs *Icam-1* transcription ([@B22],[@B49]), while this study shows that prevention of serine 468 or 536 phosphorylation stimulates *Icam-1* expression. While the Cxcl2 gene is not affected by serine 468 or 536 phosphorylation, a recent study revealed that expression of this gene is up-regulated by a phosphomimetic p65 threonine 435 aspartic acid mutant ([@B50]). These gene-specific effects are not confined to phosphorylation sites, but have also been reported for p65 modifications by acetylation or monomethylation ([@B15],[@B51]). All these results are fully consistent with the NF-κB barcode hypothesis. According to this concept, post-translational modifications alone or in combination, generate distinct patterns that function to direct transcription in a target gene-specific fashion. Therefore it will be an important future task to identify the NF-κB modification patterns at different genomic NF-κB binding sites. These results may bear the seeds for a new generation of NF-κB inhibitors which do not preclude general NF-κB functions but rather interfere with distinct groups of target genes.

Inducible nuclear uptake of IKKε
--------------------------------

In unstimulated cells, most of the endogenous IKKε protein is found in the cytosol, while a minor fraction localizes to nuclear speckles which most probably correspond to PML-NBs. This constitutively nuclear fraction of IKKε can be found at very low levels in the promoter regions of specific genes such as *Saa3* or *Vcam1*. The relevance of the kinase activity for basal nuclear IKKε localization was seen by the analysis of the kinase inactive IKKε variant which was completely excluded from the nucleus. But the kinase function of IKKε is also important for the TNF-induced nuclear import of IKKε. A sequence inspection of IKKε did not reveal any obvious sequences with the potential to mediate nuclear import or export, suggesting that IKKε reaches the nucleus upon binding to a binding partner by a piggyback mechanism. Accordingly, TNF stimulation allowed the phosphorylation-dependent association of IKKε to p65 (see [Figure 6](#F6){ref-type="fig"}B). The stimulus-induced interaction between IKKε and p65, and an absent interaction in unstimulated cells is also compatible with the leptomycin B experiments. These revealed nuclear accumulation of p65 but cytosolic localization of IKKε after blockage of nuclear export and in the absence of a stimulatory signal. The role of p65 for nuclear import of IKKε was suggested by a lacking nuclear translocation of the kinase in p65^−/−^ cells, but also by the parallel kinetics of IKKε and p65 during TNF-induced nuclear import and export. Accordingly, a recent study showed the necessity of p65 for the recruitment of IKKε to the *Inos* promoter ([@B31]). In addition to p65, IKKε also phosphorylates further transcription factors including c-Rel, c-Jun, IRF3 and IRF7 ([@B52; @B53; @B54; @B55; @B56]). It will therefore be interesting to reveal a possible contribution of these proteins for the regulated nuclear uptake of IKKε. Within the nucleus, IKKε can be found in the nucleoplasm and also partially in PML-NBs. The integrity of these subnuclear structures depends on a PML domain which allows non-covalent binding to SUMO ([@B57]). Intriguingly, the vast majority of constitutive or inducible PML-NB resident proteins can be modified by SUMOylation, thus allowing the formation of protein meshworks that are glued together upon interaction of SUMO and SUMO-binding domains ([@B58]). The reversible retention of IKKε in PML-NBs may thus be explained by the recently discovered SUMOylation of this kinase ([@B59]).

A nuclear function for IKKε
---------------------------

This study shows that *Saa3* activation is dependent on p65 phosphorylation and also sensitive to IKKε expression, thus fitting a model where IKKε-mediated p65 phosphorylation is relevant for gene activation. On the contrary, while *Vcam1* similarly requires IKKε for optimal activation, loss of phosphorylation sites actually results in greater induction. This suggests that there are yet further targets of IKKε phosphorylation that are relevant at least for *Vcam1* expression or more generally, for the effect of IKKε mediated activation, as schematically summarized in [Figure 8](#F8){ref-type="fig"}D. Accordingly, recent data show that inducible chromatin recruitment of IKKε allows the c-Jun-dependent clearance of the corepressor NCoR from target promoters ([@B31]). This would also explain the occurrence of IKKε at loci which control the expression of IKKε-independent genes. The recent years have mounted evidence that some cytosolic components of the NF-κB signaling cascade (including IKKα, p38, GSK3β, COMMD1, etc.) can also be found at selected NF-κB target genes where they participate in modification of the DNA-binding subunits or chromatin ([@B7],[@B60]). The IKKε-related IKKα protein, for example, regulates gene expression upon phosphorylation of histone H3 at serine 10 ([@B61],[@B62]), the corepressor SMRT (silencing mediator of retinoic acid and thyroid hormone receptor) ([@B63]) and the acetyl transferase CBP ([@B64]). Also IKKα was found to associate with chromatin at control regions for the *cIAP-2*, *Il-8* or *Maspin* genes ([@B63],[@B65]), but the general mechanisms employed by IKKs to allow chromatin association remain to be elaborated. Our Re-ChIP experiments suggest that chromatin association via binding to p65 might only be relevant for a subset of binding sites, as they occur at the *Saa3* and *Vcam1* promoters. Consistently and as exemplified by the *Saa3* promoter, phosphorylation-dependent binding of IKKε to p65 is required for chromatin recruitment of IKKε (see also [Figure 6](#F6){ref-type="fig"}C). A detailed understanding of the mechanisms underlying chromatin recruitment of IKKs will therefore require unbiased and systematic genome-wide approaches. This study also revealed the relevance of PML for appropriate targeting of IKKε to the nucleus. Accordingly, cells expressing the oncogenic and dominant negative PML-RARα fusion protein failed to display inducible nuclear localization of IKKε. This defect is rather attributable to delayed nuclear import and not to enhanced nuclear export, as PML-RARα-dependent blockage of TNF-triggered IKKε translocation occurred even in the presence of leptomycin B ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq439/DC1)). This finding might explain the recently revealed dysregulation of the IKKε target gene *Vcam1* that occurs in acute promyelocytic leukemia cells ([@B66]). Aberrant gene expression of further IKKε-controlled genes would not be unexpected in acute promyelocytic leukemia cells, thus adding another example for the interplay between two oncogenes. Given the role of IKKε intracellular localization revealed here, it will also be relevant to investigate whether cancer cells overexpressing IKKε also show changes in the intracellular localisation of this breast cancer oncogene.
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